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Abstract. We shed light upon the 77' mass in nuclear matter in the context of partial 
restoration of chiral symmetry, pointing out that the Ua(1) anomaly effects causes the rj'-rj 
mass difference necessarily through the chiral symmetry breaking. As a consequence, it is 
expected that the 77' mass is reduced by order of 100 MeV in nuclear matter where partial 
restoration of chiral symmetry takes place. The discussion given here is based on Ref. 1 1 1 

1 Introduction 

Substantial description of hadron properties in terms of quark-gluon language brings us not only deeper 
insight of hadron but also its systematic understanding. Partial restoration of chiral symmetry in nu- 
clei has been phenomenologically confirmed in pionic atom observation and low-energy pion-nucleus 
scattering with help of theoretical examination [2]. The current issues on partial restoration of chiral 
symmetry in nuclear matter is precise determination of the density dependence of the quark condensate 
and systematic confirmation of the partial restoration by observing it in other systems. 

The 77' meson is such a mysterious to have a larger mass than other light pseudoscalar mesons. The 
Ua(1) anomaly effect is responsible for the large mass. It is important noting that the Ua(1) anomaly 
can affect on the 77' mass only through the dynamical and/or explicit breaking of the SU(3) chiral 
symmetry [3 1 1. This implies that the chiral symmetry breaking induces the mass splitting of the 77 and 
77' mesons through the presence of the Ua(1) anomaly. Therefore, since the partial restoration of chiral 
symmetry takes place in nuclear matter, one expects a strong mass reduction of the 77' meson there (T]. 
Such a strong mass reduction in nuclear matter corresponds to a strong attractive force between the 77' 
meson and a finite nucleus. With strong attraction one expects to have 77' bound states in nuclei, which 
can be studied by formation experiments of 7/' -nucleus bound systems 11415 16171 . 

2 Chiral property of the r( meson 

The key of the present discussion is the chiral symmetry property of the 77' meson. The QCD La- 
grangian has a chiral U£(3)xU«(3) symmetry in the chiral limit as quark flavor rotations. But U^(l) 
is broken by quantum effect known as the Ua(1) anomaly. Since the Uy(l) symmetry trivially gives 
baryon number conservation, we concentrate on the chiral SUl(3)xSUr(3) symmetry. For simplicity, 
we assume that the Ua(1) symmetry is always broken due to the anomalyfMWe also assume the flavor 
SU(3) symmetry in which there is no single-octet mixing and 77' is a purely flavor singlet particle 770. 

* This work was partially supported by the Grants-in-Aid for Scientific Research (No. 22740161). This work 
was done in part under the Yukawa International Program for Quark- hadron Sciences (YIPQS). 
a e-mail: jido@yukawa.kyoto-u.ac.jp 

1 The Ua(1) anomaly itself can change in finite temperature and density systems due to the reduction of the 
instanton density there (8j. Such cases are also included in the present discussion. 
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Now let us consider the chiral multiplet of the 
pseudoscalar mesons. The simplest quark configu- 
ration of the pseudoscalar mesons is q' L q J R - q J R q' L , 
where i and j are flavor indices. Since quark 
and antiquark belong to the fundamental repre- 
sentations, 3 and 3, respectively, the pseudoscalar 
mesons belong to the chiral representation (3, 3) © 
(3,3). In this chiral multiple we have also the 
scalar mesons which are the chiral partners of the 
pseudoscalar mesons. In this representation there 
are 3x3 + 3x3 = 18 particles, 9 scalar and 9 
pseudoscalar mesons. When chiral symmetry is re- 
stored in the chiral limit, these 18 particles should 
degenerate with having a same mass. These 18 par- 
ticles can be classified in terminology of the flavor 
SUy(3). Since SUy(3) does not distinguish the left 
and right chiralities, and if we recall 3 ® 3 = 1 © 8, 
we find two sets of the flavor singlet and octet 
mesons, that is, n, K, 7]% as octet pseudoscalar, j]q 
as singlet pseudoscalar, a®, k, /o as octet scalar and 
<t as singlet scalar. Therefore, if chiral symmetry is 
manifest without explicit nor dynamical breaking, 




| ChS manifest | |chS broken dynamically" 



Fig. 1. Light pseudoscalar meson spectrum in the 
various patterns of the SU(3) chiral symmetry 
breaking. In the left, chiral symmetry is manifest 
without explicit nor dynamical breaking. All the 
pseudoscalar mesons have a same mass. In the 
middle, chiral symmetry is dynamically broken in 
the chiral limit. The octet pseudoscalar mesons are 
identified as the Nambu-Goldstone bosons associ- 
ated with the symmetry breaking. In the right, chi- 
ral symmetry is broken dynamically by the quark 
condensate and explicitly by finite quark masses. 



these 18 particles should have a same mass. This 
means especially no mass difference between rjg and j]q in a chiral restoration limij^] even though the 
Ua(1) symmetry is broken. 

When chiral symmetry is dynamically broken by the quark condensate, only the octet pseudoscalar 
mesons become massless since they are the Nambu-Goldstone bosons associated with the symmetry 
breaking. (Recall that the broken generators in SUl(3)xSUs(3) belong to the octet representation of 
the flavor SU(3).) Since 770 is not a Nambu-Goldstone boson, it can be massive. In other words, the 
Ua(1) effect is turned on by chiral symmetry breaking and lifts the 770 mass. In Fig. [T]we show a 
schematic view of the pseudoscalar meson spectra in various chiral symmetry breaking patterns. 



3 The //' mass in nuclear matter 

As discussed in the previous section, even though in the presence of the 11^(1) anomaly, when chiral 
symmetry is restored in the chiral limit, 77 and 77' should degenerate. This implies that the mass dif- 
ference between 77 and 77' may be controlled by dynamical breaking of chiral symmetry. Now let us 
assume that the mass difference 77 and 77' comes from the anomaly effect and the mass difference is 
proportional to the quark condensate. In this picture, since partial restoration of chiral symmetry takes 
place at the saturation density po with about 35 % reduction of the quark condensate in magnitude (2), 
the 77-77' mass difference is suppressed at p = po by 150 MeV. Recalling that the 77 meson is one of the 
Nambu-Goldstone bosons, we expect that in-medium mass modification of the 77 meson is small. Thus, 
the 77' meson will get a strong attraction of order of 150 MeV at the saturation density. This scenario 
can be checked by chiral effective theories, such as NJL model [5] or linear sigma model [9|. 

Now, in order to discuss 77' -nucleus bound systems with this strong attraction, let us take a simple 
77' optical potential for finite nuclei 

V„(r) = V ^ (1) 



2 In the flavor SU(2) case, even if chiral symmetry is manifest, n and rj do not degenerate, since they belong to 
different representations in the SU(2) chiral group. This fact can be understood as follows. The SU(2) is a special 
case of SU(3) with symmetry breaking by the strange quark. Thus in the SU(2) case, rj and it do not have to 
degenerate due to the SU(3) symmetry breaking. 
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where we assume the Woods-Saxon form of the nuclear density distribution p(r). The strength of the 
potential are parameters. Here we take from 100 to 200 MeV for the real part of Vo, since the 77' 
mass reduction at p = po is expected to be 150 MeV. For the imaginary part, we take 20 MeV, which 
corresponds to 40 MeV absorption width in nuclear matter. This value is larger than the experimental 
value extracted from the transparency ratio in the yA — > rj'X reaction, 15-25 MeV IfTUl . 

In Fig. [2] we show expected spectra of the 77' bound 
states in n C with several sets of the potential parameter 
Vo. Thanks to weak absorption and strong attraction, the 
bound states are well separated except for the case of a 
large absorption width. This gives big advantage for for- 
mation experiments of 77' nucleus bound systems to ob- 
serve clearer peak structure. 

It is an interesting issue to see how strong the elemen- 
tary rj'N interaction is under having such strong attraction 
in nuclear matter. For this purpose, one needs chiral ef- 
fective theories having 77' and N in the same footing and 
the mechanism of partial restoration of chiral symmetry 
at finite nuclear density. For example, two of the authors 
find using a linear sigma model with the flavor SU(3) breaking that the s-wave rj'N interaction can be 
similar in strength to the attraction in KN with 7 = obtained by the Tomozawa- Weinberg interaction 
at the KN threshold energy [9|. Thus, we could have a bound state in a two-body rj'N. Nevertheless, 
phenomenological observation of the rj'N scattering length which has been extracted from the three- 
body pprj' final state would be suggested to be as small as a few 0.1 fm with an unknown sign ifTTI . 
The small scattering length would indicate weak rj'N interaction |[T2l . If this would be the case, since 
the strong attraction discussed above comes from scalar exchange, one could expect some strong vec- 
tor repulsion to have the rj'N interaction weak. But there is no Tomozawa- Weinberg interaction, which 
is derived by vector meson exchange, between 77' and N. Thus, any further experimental data are 
important for the understanding of the rj'N interaction and in-medium 77' properties. 
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Fig. 2. Bound state spectra of 77'-" C. 



4 Conclusion 

We point out that partial restoration of chiral symmetry in a nuclear medium induces suppression of 
the Ua(1) anomaly effect to the 77' mass. Consequently, we expect a large mass reduction of the 77' 
meson in nuclear matter with relatively smaller absorption. The mass reduction can be observed as 77'- 
nucleus bound states in the formation reactions. The interplay between chiral symmetry restoration and 
the Ua(1) anomaly effect can be a clue to understand the 77' mass generation mechanism. Therefore, 
experimental observations of deeply 77' -nucleus bound states, or even confirmation of nonexistence of 
such deeply bound states, is important to understand the Ua(1) anomaly effects on hadrons. 
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